INTRODUCTION
Despite major advances in drug design, infections with HIV remain incurable, and the number of individuals living with HIV continues to rise. Two recent approaches used to treat three HIV-infected patients have given novel insights into the requirements for controlling HIV replication in the absence of antiretroviral drug therapy (ART). The Berlin patient was transplanted with allogeneic hematopoietic stem cells (HSCs) that were resistant to HIV due to a rare naturally occurring deletion in the C-C motif chemokine receptor 5 (CCR5) gene. 1 The two Boston patients received allogeneic HSCs without the CCR5 deletion, but remained on ART during the procedure. 2 All three patients showed complete donor chimerism and were free of detectable levels of HIV after the therapy. However, upon cessation of ART, viral rebound was detected in the Boston patients, but not in the Berlin patient. These studies provide proof of principle that replacing a patient's immune system with genetically resistant cells can lead to a functional cure. We and others have employed a vast array of gene therapy approaches to render autologous cells resistant to HIV infection. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Contrary to what was observed in the Berlin patient, the majority of HIV target cells remain unmodified and susceptible to HIV in a gene therapy setting. In an ideal scenario, the gene-modified HIV target cells would have a survival advantage over unmodified cells and replace the susceptible cells over time. However, clinical trials have revealed that gene-modified cells fail to expand in patients, [18] [19] [20] probably because of indirect cytopathic effects of HIV replication in the unmodified target cell population. 21 A decrease in viral load was observed in a pre-clinical macaque model in which chemotherapeutic agents were used to select in vivo for gene-modified cells that contained a drug resistance gene in addition to a gene conferring HIV resistance. 22 Nevertheless, unmodified cells recovered and gene-modified cells decreased to pre-infection levels as soon as the viral loads decreased, thus effectively replenishing the susceptible HIV target cell population. 22 Therefore, it is imperative to protect both the unmodified and gene-modified HIV target cell populations for the long-term control of HIV infection.
In contrast to conventional HIV gene therapy strategies that render HIV target cells resistant to infection, modifying cells to produce a secreted antiviral protein would lead to a systemic protective effect. Intuitively, cells of the immune system are best suited to produce antiviral proteins, but only a limited number of studies examined secretion of entry inhibitors from HIV target cells. 23, 24 We have previously designed a lentiviral vector for the secretion of a single-chain variable fragment targeting CCR5 (scFv PRO140 ) and have shown that gene-modified HIV target cells and neighboring unmodified target cells are protected from infection. 25 Nevertheless, a major limitation of CCR5-targeting strategies is their ineffectiveness against C-X-C motif chemokine receptor 4 (CXCR4)-tropic HIV. Unlike CCR5, CXCR4 is not dispensable for the host 26, 27 and close to 50% of treatment-experienced patients harbor HIV that can utilize CXCR4. 28 Furthermore, a shift to CXCR4-tropic HIV was observed in a patient who received a treatment similar to the Berlin patient. 29 Therefore, a therapy should be effective against both CCR5-and CXCR4-tropic HIV. The monoclonal antibody VRC01 partially mimics the interaction of the HIV envelope glycoprotein 120 (gp120) with the CD4 receptor and inhibits infection irrespective of co-receptor tropism. 30 While VRC01 is effective against a broad range of HIV isolates, the virus rapidly develops resistance to the antibody without impairing the ability of gp120 to bind to the CD4 receptor. 31, 32 Soluble CD4 (sCD4) is a truncated version of the CD4 receptor that contains the gp120 binding site. Contrary to VRC01, gp120 mutations that affect binding to sCD4 inevitably reduce the ability of the virus to bind to the CD4 receptor and compromise the replicative fitness of the virus. 32 An initial clinical trial based on the administration of recombinant sCD4 proved to be disappointing because only modest reductions in viral load were observed upon administration of sCD4.
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Follow-up in vitro studies showed that some patient isolates required significantly higher concentrations of sCD4 for inhibition than initially anticipated. 34 Based on these findings, twice-daily administration of sCD4 for 4 weeks was examined in a clinical trial. In the highest dose group, two out of three patients achieved and maintained complete neutralization of cell-free virus during the treatment period. 35, 36 All clinical trials were safe, and no sCD4-mediated enhancement of infection was observed. However, frequent injections of high concentrations of recombinant sCD4 were not deemed feasible for the long-term treatment of patients.
Upon expression in human cells, sCD4 is secreted into the surrounding media. We have previously shown that adding gene-modified cells expressing sCD4 to infected primary blood lymphocytes suppressed viral spread in co-culture experiments. 37 Here, we extend these studies and show that gene-modified primary CD4 + T cells and CD34 + hematopoietic stem/progenitor cells (HSPCs) secreted significant quantities of sCD4 that conferred protection to gene-modified and unmodified HIV target cells in vitro. NOD/SCID/gc null (NSG) mice supported multi-lineage differentiation of human gene-modified HSPCs. Upon infection of the NSG hosts, sCD4 secreted from HSPCs and their progeny inhibited HIV replication and protected CD4 + T cells from infection. Our findings provide in vivo evidence for the safety and feasibility of a gene therapy strategy based on the secretion of an entry inhibitor from gene-modified HSPCs and their progeny cells.
RESULTS

Promoter Analysis
Lentiviral vectors integrate into the genome of host cells and are the vectors of choice for the stable expression of transgenes. Self-inactivating (SIN) lentiviral vectors were designed to prevent transactivation of neighboring genes, vector mobilization, and transcriptional interference with the internal promoters used to express transgenes. 38, 39 We chose a bicistronic SIN vector design for the simultaneous expression of the codon-optimized sCD4 gene and the fluorescent reporter ZsGreen1 gene in the modified cells.
To optimize expression in hematopoietic cell lineages, we tested SIN vectors containing different internal promoters ( Figure 1A ). The human cytomegalovirus (CMV) immediate-early promoter/enhancer was used because it allows high levels of transgene expression in several cell types, including HSPCs. 40 We also examined the activity of the CMV promoter in conjunction with a ubiquitous chromatin opening element (UCOE; UCMV promoter) that has previously been shown to prevent silencing of a viral promoter in the context of a lentiviral vector. 41 In contrast to viral promoters, housekeeping genes should not be prone to silencing and might also be safer than a viral promoter, particularly for long-lived transduced human cell applications. Therefore, we included the human elongation factor 1-alpha (EF1a) promoter in our analysis. The vectors LV-CMVsCD4, LV-UCMV-sCD4, and LV-EF1a-sCD4 were used to transduce a human embryonic kidney cell line (293T), a myeloid cell line (K562), B lymphoid cell lines (Bjab and Raji), and T lymphoid cell lines (Jurkat and Pm1). The gene-modified cells were cultured for 2 weeks and analyzed for ZsGreen1 fluorescence by flow cytometry ( Figure 1B ). All promoters were active in the 293T cell line, but CMV promoter-mediated expression varied in the other tested cell lines and was especially weak in the two T cell lines. In comparison to the CMV promoter, the UCMV promoter improved expression in both T cell lines, but not in other cell types. The EF1a promoter was active in myeloid as well as B and T lymphoid cell lines and mediated significantly higher expression than the CMV or UCMV promoter in T lymphoid cell lines.
The three vectors with the different promoters were subsequently used to transduce primary CD4 + T cells and HSPCs ( Figure 1B ). Similar to data obtained from T lymphoid cell lines, the UCMV promoter was more active than the CMV promoter in both primary cell types. Nevertheless, the vector containing the EF1a promoter mediated the highest expression of the ZsGreen1 gene in CD4 + T cells and CD34 + HSPCs.
Western blot analyses showed that sCD4 was present in the culture supernatants of transduced 293T cell lines, irrespective of the vector used ( Figure 1C ). In contrast, sCD4 was only detectable in the supernatants of Jurkat cells transduced with the vector containing the EF1a promoter ( Figure 1C ). We and others have previously shown that utilizing the human alpha-1 antitrypsin (AAT) signal peptide can increase the secretion of recombinant proteins in human cells. 42, 43 LV-EF1a-sCD4 was modified to contain the sCD4 gene with the AAT signal peptide to generate LV-EF1a-AAT-sCD4. Substituting the native CD4 signal peptide with the AAT signal peptide resulted in an sCD4 increase of 50% in the culture supernatants of gene-modified Jurkat cells as determined by ELISA ( Figure 1D ). Based on these results, LV-EF1a-AAT-sCD4 was used in subsequent experiments, unless indicated otherwise.
Differentiation Potential of Gene-Modified HSPCs
To analyze whether sCD4 interferes with the differentiation potential of HSPCs, we transduced HSPCs with LV-EF1a-AAT-sCD4. [44] [45] [46] [47] [48] Genemodified HSPCs formed burst-forming units erythrocytes (BFU-E) and colony-forming units granulocyte-macrophage (CFU-GM) in methylcellulose cultures (Figure 2A ). Flow cytometry analysis of the cells from these cultures revealed that the EF1a promoter remained active in the myeloid progenitor cells after 2 weeks of culture (Figure 2B) . After 2-3 weeks of co-culture of gene-modified HSPCs with OP9 cells, the presence of gene-modified B cells (CD19 + ) was evident ( Figure 2C ). Following co-culture with OP9-DL4 cells for Figure 2D ). Flow cytometry analysis of CD4 + CD8 À and CD4 À CD8 + cells showed that the EF1a promoter remained active and allowed similar levels of expression in these cell subsets ( Figure 2E ). Although in vitro-differentiated cultures do not fully recapitulate events of in vivo differentiation, the results indicate that gene-modified HSPCs expressing sCD4 have multi-lineage myeloid cell, B cell, and T cell potential.
Antiviral Effect of sCD4
CD4
+ T cells isolated from PBMCs and HSPCs enriched from human umbilical cord blood (UCB) were transduced with LV-EF1a-AATsCD4 ($60% and $30% gene marking, respectively). Culture supernatants from gene-modified T cells and HSPCs contained $1 mg/mL sCD4 ( Figure 3A) , which was further shown to mediate >95% inhibition of replication-incompetent HIV JRFL entry in single-round infection assays ( Figure 3B ).
The gene-modified CD4 + T cells were subsequently infected with HIV IIIB . On day 6 post-infection, production of HIV p24 was evident in control cells transduced with an empty vector and cells transduced with LV-EF1a-AAT-sCD4 ( Figure 3C ), indicating that at least some cells were infected despite sCD4 being present in the culture media. However, virus production increased over time from cells transduced with the control vector, whereas it declined from cells expressing sCD4. Across all time points, virus present in the culture supernatants from cells expressing sCD4 was non-infectious when tested in a single-round infection assay ( Figure 3D ).
To further examine the antiviral effect, 293T cells expressing sCD4 were transfected with plasmids for the production of replicationincompetent HIV JRFL . Culture supernatants from unmodified control cells and gene-modified cells expressing sCD4 contained comparable amounts of HIV p24 ( Figure 3E ), suggesting that virus release is not affected by sCD4 expression or its presence in the culture media. Similar to the results from primary CD4 + T cells, the virus produced in gene-modified 293T cells failed to infect HIV target cells in a singleround infection assay ( Figure 3F ).
To determine whether sCD4 expressed/secreted from the gene-modified cells reduces HIV infectivity by neutralizing envelope proteins present on the cell surface, we co-cultured TZM-bl cells expressing sCD4 with 293T cells expressing the HIV JRFL envelope protein. In this cell fusion assay, interaction of cell-surface-associated gp120 with the CD4 receptor on uninfected HIV target cells is marked by the formation of syncytia consisting of large multinucleated cells. In co-cultures with unmodified control cells, syncytia formation increased over time, and severe cytopathic effects were visible after 15 hr ( Figure 3G ). In contrast, syncytia formation remained low in co-cultures with HIV target cells that expressed sCD4 ( Figure 3G ). Representative microscope images are shown in Figure 3H . Overall, these results suggest that sCD4 secreted from the gene-modified cells can protect HIV target cells by neutralizing cell-free virions as well as cell-surface-associated HIV Env.
In Vivo Differentiation of Gene-Modified HSPCs
HSPCs were transduced with LV-EF1a-AAT-sCD4 or with an identical LV-EF1a control vector that lacked the sCD4 gene. The cells were analyzed by flow cytometry after 24 hr. We observed generally higher transduction efficacies with the control vector than with the vector encoding sCD4 ( Table 1 (Table 1) , which is likely due to transient expression of the ZsGreen1 gene from unintegrated vector that was present directly after the transduction and was lost upon cell differentiation. 49 However, consistent with the initial in vitro transduction, control mice had higher percentages of gene-modified cells than mice of the sCD4 group ( Figure 4C ). The level of gene modification in mice was equal throughout the different cell populations within the control group and the sCD4 group ( Figure 4C ). Development of myeloid cells was minimal as expected (data not shown) because of lack of human species-specific cytokine support in NSG mice. 50 As observed previously in immunocompromised mouse strains, engraftment between individual mice was heterogeneous, 51 but no correlation between the level of gene modification and engraftment was evident (Table 2 ). Plasma samples of mice injected with HSPCs expressing sCD4 contained 0.1 mg/mL sCD4 ( Figure 4D ).
In Vivo Inhibition of HIV Infection
The mice were challenged with HIV BaL 5 months post-injection of HSPCs, and the viral load in the peripheral blood was measured by qRT-PCR every 2 weeks up to 8 weeks post-infection ( Figure 5A ). The viral load between individual mice was heterogeneous but increased over time in control mice. In contrast, viral load continuously decreased in sCD4 mice. In comparison to control mice, sCD4 mice showed a 14-fold difference in viral load 8 weeks post-infection ( Figure 5A ). The two sCD4 mice with the lowest levels of gene marking (1% and 2%) showed a change in viral load similar to control mice and were therefore grouped separately (sCD4-lowGM; Figure 5A ). Details of the different mouse groups are provided in Table 3 .
Over the same time period, the percentage of human CD4 + and CD8 + T cells in the peripheral blood of infected mice was examined by flow cytometry. We observed a decrease in CD4 + T cells in control and sCD4-lowGM mice ( Figure 5B ). In comparison to control mice, sCD4 mice had higher percentages of human CD4 + T cells 4, 6, and 8 weeks post-infection ( Figure 5B ). Representative flow cytometry plots for the time point 6 weeks post-infection are shown in Figure 5C . We also observed an increase in the percentage of gene-modified T cells in the peripheral blood of sCD4 and sCD4-lowGM mice at 8 weeks post-infection in comparison to pre-infection levels ( Figure 5D ).
The control and sCD4 mice were sacrificed 9-10 weeks post-infection, and the percentage of human CD4 + T cells was analyzed in the thymus, spleen, and bone marrow. Representative flow cytometry plots are shown in Figure 6A . The analyses showed that higher levels of CD4 + T cells were present in the thymus, spleen, and bone marrow in sCD4 mice in comparison to control mice (Figures 6B), although the effect did not formally reach statistical significance for the thymus. We evaluated lentiviral vectors containing the CMV, UCMV, or EF1a promoter in different cell lines, primary CD4 + T cells, and HSPCs. The UCMV promoter was significantly more active than the CMV promoter in primary CD4 + T cells and to a lesser extent in T lymphoid cell lines and HSPCs. However, the EF1a promoter was highly active in all tested cell types and performed significantly better in HSPCs than either the CMV or UCMV promoter. Importantly, the EF1a promoter remained active upon in vitro differentiation of gene-modified HSPCs into myeloid progenitor cells, B cells, and T cells. In NSG mice injected with gene-modified HSPCs, we observed equal percentages of gene-modified cells across different cell subsets. Therefore, our results provide further evidence for using the EF1a promoter when transgene expression across different hematopoietic cell lineages is desired.
Two applications of a monocistronic lentiviral vector at an MOI of 100 have previously been used to transduce HSPCs in pre-clinical and clinical studies for the treatment of Wiskott-Aldrich syndrome (WAS). 52, 53 We performed two transductions with a bicistronic lentiviral vector at an MOI of 50 to generate gene-modified HSPCs. In comparison to the WAS studies, we observed lower levels of overall gene marking, which was likely due to bicistronic lentiviral vectors being less efficient in transducing HSPCs than monocistronic vectors. 49 We also observed higher transduction efficacies for the control vector than for the vector encoding sCD4. Similar findings have previously been reported. 18 LV-EF1a and LV-EF1a-AAT-sCD4 contained an internal ribosome entry site (IRES) element to initiate the translation of the fluorescent marker, but the control vector lacked the sCD4-encoding sequence. The smaller size of LV-EF1a in comparison to LV-EF1a-AAT-sCD4 could have resulted in increased transduction. Additionally, the second open reading frame in bicistronic vectors is often less effectively translated than the first open reading frame, which could have contributed to the observed discrepancy.
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Injecting gene-modified HSPCs into mice after 4 days of in vitro culture resulted in similar levels of engraftment in the control and sCD4 groups. Although the overall engraftment was lower than what has been reported for mice that were injected with fresh HSPCs or HSPCs cultured for 1 day, 55 comparable levels of engraftment have previously been reported for gene-modified HSPCs that were cultured for 3 days prior to injection. 56 Gene modification and expression of sCD4 did not affect the engraftment of HSPCs because there were mice with higher levels of gene modification and higher percentages of CD45 + cells in both the control and sCD4 groups. Although sCD4 is generally more effective against CXCR4-tropic strains, we used CCR5-tropic HIV BaL to infect mice because the majority of circulating patient isolates utilize CCR5 as a co-receptor. Following the infection of the humanized mice, mice of the control and sCD4 groups showed signs of infection 2 weeks after HIV injection. However, the viral load in mice of the sCD4 group decreased over time. We obtained similar results when gene-modified CD4 + T cells were infected with HIV. Our in vitro results suggest that sCD4 present in culture supernatants renders virus particles non-infectious by neutralizing HIV Env on cell-free virions and on the surface of infected cells. Indeed, it has recently been shown that the entry inhibitors maraviroc and FI T20 cause an accumulation of non-infectious virus in the culture supernatants of infected cells. 57 However, qRT-PCR-based methods are unable to distinguish between infectious and non-infectious virus. Therefore, viral load measurements in our study were likely overestimated by qRT-PCR, and a greater protective effect could be observed by looking at the percentage of infectious virus particles or infected cells. A unique element of our approach is the secretion of antiviral proteins from all hematopoietic cell lineages, which increases the ratio of producer cells to HIV target cells. For example, we observed a B cell/T cell ratio of 1:2 and a CD4 + T cell/CD8 + T cell ratio of 2:1 in our humanized NSG mice. Therefore, mice with 10% overall gene marking would have at least 22.5 gene-modified producer cells per 100 HIV target cells. However, an important consideration worth noting is that myeloid engraftment in NSG mice is limited. Because approximately 60% of CD45 + cells in human blood are CD33 + myeloid cells, 58,59 they would likely contribute significantly to the production of sCD4. Even though the HSPC transplantation into the NSG model reconstitutes most human immune system lineages, there is a clear need for an improved model that would truly test the full benefit of secretion from multipotent HSPCs. Another disadvantage of the NSG mouse model is the inability to mount an immune response against HIV. 60 sCD4 has the unique ability to induce conformational changes exposing conserved epitopes in the HIV envelope proteins. 61, 62 Antibodies against conserved CD4-induced epitopes are readily formed in patients, 63 but exhibit limited antiviral effects because their epitopes are inaccessible in the absence of virus binding to CD4. 61 sCD4 could enable pre-existing antibodies targeted against the CD4-induced epitopes to bind HIV Env on virus-producing cells and destroy infected cells via antibody-dependent cellular cytotoxicity. 64 More recently developed mouse strains, e.g., MISTRG mice, or macaques, that better simulate the human immune system may be used in the future. sCD4 has been shown to enhance infection at subinhibitory concentrations in vitro. However, administration of sCD4 was safe in clinical trials. 33, 35, 36 Therefore, it is unclear whether sCD4-mediated enhancement of infection plays a role in vivo. The in vitro enhancing effects of sCD4 are apparent within days of culture. 62, [67] [68] [69] Additionally, emergence of resistant virus was reported $1 month after administration of the antibodies VRC01 or 3BNC117 in recent clinical trials. 31, 32 We have not observed an enhancement of infection or a viral load rebound, but long-term testing in mice may be necessary in order to exclude with certainty that HIV escapes inhibition by sCD4. We and other groups have shown that sCD4 can be covalently linked to synergistic inhibitors, such as sCD4-induced epitope-targeting antibody fragments (e.g., sCD4-scFv 17b ), CCR5-mimicking peptides (e.g., eCD4-immunoglobulin [Ig]), or fusion inhibitors (e.g., 2DLT or sCD4-FI T45 ). 37, [68] [69] [70] [71] The resulting bifunctional proteins drastically improved the antiviral effect of sCD4 without enabling infection of CD4-negative cells. Furthermore, bifunctional inhibitors should also minimize the emergence of escape mutants. We are currently investigating the use of secreted bifunctional proteins to inhibit CCR5-tropic and the more aggressively replicating CXCR4-tropic strains in humanized mice.
Gardner et al. 69 have shown that adeno-associated virus (AAV)-mediated secretion of eCD4-Ig by muscle cells can protect macaques from HIV infection. We are currently exploring AAV-mediated secretion of sCD4-based inhibitors. Although promising, the feasibility of using AAV to mediate secretion of therapeutic proteins in high quantities in humans still needs to be determined. The benefit of an HSPC-based approach is that high quantities of inhibitors are likely not necessary because secretion occurs directly at the sites of viral replication. Human trials would be necessary to further evaluate the safety and efficacy of expressing sCD4-based inhibitors using HSPCs. Alternatively, autologous CD4 + and CD8 + T cells secreting entry inhibitors could be engineered and used to augment the efficacy of existing therapies.
After more than two decades, gene therapy is emerging as a powerful tool to treat diseases that were deemed incurable. Although the initial cost of gene therapy is high, a one-time treatment with genemodified HSPCs or T cells is more cost-effective than lifelong ART. 72 With the recent successes, 52, [73] [74] [75] [76] [77] [78] it is foreseeable that technical and financial barriers will be further reduced, and gene therapy could become a treatment option for a larger population of persons living with HIV. Tranzyme. [80] [81] [82] [83] [84] PBMCs from healthy donors were received from Dr. Mario Ostrowski (University of Toronto). Primary CD4 + T cells were isolated from PBMCs via negative selection using magnetic beads conjugated to antibodies that target CD4 À cells according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA). Human UCB samples were obtained from consenting mothers following delivery in accordance with the approved guidelines established by the research ethics board of Sunnybrook Health Sciences Centre (Toronto, ON, Canada). UCB samples were collected, and HSPC-containing fractions were purified from these samples as previously described.
MATERIALS AND METHODS
Cells
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Plasmids pLV-CMV was generated by replacing the PstI-to-NheI fragment of pLVX-IRES-ZsGreen1 (Clontech, Mountain View, CA, USA) with the compatible NsiI-to-AvrII fragment from pLJM1-EGFP. 85 The UCOE (nt 1,397-2,942 of the HNRPA2B1 gene) along with a ClaI site at the 5 0 end and nt 2,184-2,378 from pLV-CMV at the 3 0 end were synthesized by Genscript (Piscataway, NJ, USA). pLV-UCMV was generated by inserting the UCOE as a ClaI-to-NdeI fragment into the same sites of pLV-CMV. Cloning the BssHII-to-BamHI fragment of pHIV-ZsGreen1 86 into the corresponding sites of pLV-CMV Mice were injected with HSPCs transduced with LV-EF1a (control) or LV-EF1a-AATsCD4 (sCD4). The peripheral blood of mice was analyzed for the presence of human 0 EcoRI site and a 3 0 NotI site and was inserted into the same sites of pLV-CMV to generate pLV-CMVsCD4. The EcoRI-to-ApaI fragment containing the AAT sequence was used in a tripartite ligation reaction with the ApaI-to-BamHI and BamHI-to-EcoRI fragments of pLV-CMV-sCD4 to generate pLV-CMV-AAT-sCD4 with the AAT signal peptide. The gene encoding sCD4 was transferred as an EcoRI-to-AvrII fragment into the same restriction sites of pLV-UCMV or pLV-EF1a to generate pLV-UCMV-sCD4 or pLV-EF1a-sCD4, respectively. pLV-UCMV-AAT-sCD4 and pLV-EF1a-AAT-sCD4 were generated by transferring sCD4 with the AAT signal peptide as an EcoRI-to-AvrII fragment from pLV-CMV-AAT-sCD4 into the same restriction sites in pLV-UCMV-sCD4 or pLV-EF1a-sCD4, respectively. pJRFL-Env was a kind gift from Dr. Branch. The following plasmids were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: psPAX2 and pMD2.G from Dr. Didier Trono, and pSG3
DEnv from Drs. Kappes and Wu. 82, 87 Production of Vectors and Viruses Lentiviral vectors were produced and concentrated by ultracentrifugation as previously described. 88 The titer of vector preparations was determined by measuring ZsGreen1 fluorescence in 293T cells. 37 Replication-incompetent HIV was generated as described previously by transfecting 293T cells with 10.5 mg of pSG3
DEnv and 10.5 mg of pJRFL-Env encoding HIV gp160. 42 The 50% tissue culture infectious dose (TCID50) of replication-incompetent HIV was determined using TZM-bl cells. 42, 89 HIV IIIB and HIV BaL were kind gifts from Drs. Branch and Ostrowski, respectively.
Transductions
For the transduction of cell lines, 1 Â 10 5 cells were mixed with the lentiviral vector and 8 mg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA). 293T cells were transduced at an MOI of 2. All other cell lines were transduced at an MOI of 10. Bjab, Raji, K562, Pm1, and Jurkat cells were centrifuged with the vectors at 2,000 Â g in swinging bucket rotors at 32 C for 1-2 hr. Primary CD4 + T cells were activated with anti-CD28/anti-CD3 antibodies conjugated to magnetic beads (Thermo Fisher Scientific) and cultured in AIM-V serum-free medium (Thermo Fisher Scientific) supplemented with 10% human serum AB (Sigma-Aldrich) and 200 inducing units/mL interleukin-2 (IL-2; BioShop, Burlington, ON, Canada) for 24 hr. 1 Â 10 5 cells were spinoculated with vectors at an MOI of 50 in the presence of 5 mg/mL polybrene at 2,000 Â g at 32 C for 1-2 hr. The cells were resuspended and incubated for 16 hr. The media were replaced by fresh media, and the cells were incubated for 6 hr, followed by another vector application. HSPCs were activated in X-VIVO 10 serum-free hematopoietic cell media (Lonza, Basel, The average gene marking (GM), number of mice (n), and which mice were analyzed are shown for each group and analysis. Switzerland) containing thrombopoietin (TPO; 10 ng/mL), FMS-like tyrosine kinase 3 ligand (Flt3L; 100 ng/mL), stem cell factor (SCF; 100 ng/mL), and IL-3 (30 ng/mL). Twenty-four hours post-activation, 1 Â 10 5 HSPCs and lentiviral vector at an MOI of 50 were added to Retronectin (20 mg/mL; Clontech)-coated plates and incubated for 24 hr, followed by another vector application.
Detection of sCD4 in Culture Media
Western blot analysis was performed as previously described. 25, 37 His-tag ELISA (Genscript) was performed according to the manufacturer's instructions. The concentration of sCD4 in culture media was determined in relation to purified His-tagged sCD4 as described previously. 42 
Single-Round Infection Assays
Single-round infection assays were essentially performed as described previously. 42 Briefly, replication-incompetent HIV JRFL at an MOI of 0.05 was incubated with sCD4-containing or mock culture supernatants for 20 min. The mixture was added to 5 Â 10 4 TZM-bl cells in the presence of 8 mg/mL polybrene. Alternatively, 100 mL of virus-containing culture supernatants was used to infect TZM-bl cells. The cells were incubated for 2 days, fixed with 1% formaldehyde, and stained overnight in a staining solution (0.4 mM potassium ferricyanide, 0.4 mM potassium ferrocyanide, 20 mM magnesium chloride, 0.4 mg/mL X-Gal). Three light microscope images were taken for each well, and the number of infected (b-galactosidase + ) cells was determined to score infection.
Inhibition of Virus Release
293T cells were transduced with LV-CMV-AAT-CD4. Replicationincompetent HIV JRFL was produced from gene-modified and unmodified 293T cells as described above. Virus in the culture supernatants was quantified by p24 ELISA (XpressBio, Frederick, MD, USA), and 100 ng of p24-equivalent was tested for infectivity in single-round infection assays.
Inhibition of Cell Fusion
TZM-bl cells were transduced with LV-EF1a-AAT-sCD4. For the expression of HIV envelope proteins, 293T cells were transfected with 10.5 mg of psPAX2 and 10.5 mg of pJRFL-Env using the calcium phosphate method as previously described. 37 After 24 hr, the media were exchanged and the cells were incubated for 1 additional day. Prior to the assay, the cells were detached using PBS containing 1 mM EDTA and washed twice with PBS supplemented with 1% fetal bovine serum. 1 Â 10 5 transfected 293T cells were incubated with 2 Â 10 5 gene-modified or unmodified TZM-bl cells. At the indicated time points, the cells were fixed with 1% formaldehyde and stained with Giemsa. Three light microscope images per well were taken, and the surface area of fused cells was determined using Adobe Photoshop.
Infection of CD4
+ T Cells CD4 + T cells were transduced with LV-EF1a or LV-EF1a-AATsCD4. Four days post-transduction, 5 Â 10 5 gene-modified cells in 100 mL culture media were mixed with 100 mL media containing 18 ng of p24-equivalent of HIV IIIB (MOI $0.4). The mixture was incubated for 4-5 hr in order to allow virus adsorption. The cells were washed to remove unbound virus and cultured in AIM-V medium with 10% human serum and 200 U/mL IL-2. Virus production was determined by p24 ELISA (XpressBio). Progeny virus infectivity was determined by performing single-round infection assays using 100 mL of culture supernatants from infected cell cultures.
Induction of T Cell Development
Gene-modified HSPCs were co-cultured with OP9-DL4 cells as previously described for unmodified HSPCs.
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Induction of B Cell Development
Gene-modified HSPCs were co-cultured with OP9 cells and 50 ng/mL IL-7, 5 ng/mL Flt3L, and 30 ng/mL SCF similar to what was previously described for unmodified HSPCs. [44] [45] [46] [47] [48] Methylcellulose Assay
Analysis of hematopoietic progenitor potential was performed by plating 5 Â 10 2 sorted gene-modified HSPCs (CD34 + ZsGreen1 + ) or unmodified HSPCs in methylcellulose H4435 (Stem Cell Technologies). Colonies containing erythroid and myeloid cells were scored after 14 days based on morphologic characteristics. For promoter analysis, colonies were washed in PBS to remove methylcellulose. For each analysis, all colonies were collected from one plate and stained with DAPI and an anti-CD33 antibody for flow cytometry. www.moleculartherapy.org Molecular Therapy: Nucleic Acids Vol. 9 December 2017
Infection of Humanized Mice
NOD.cg-Prkdc scid IL2rg tm/Wjl /Sz (NSG) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and housed and bred in a pathogen-free facility. Following transduction, 5 Â 10 5
HSPCs were washed and intrahepatically injected into 4-day-old NSG mice irradiated with 150 rad. Mice were infected 20 weeks post-injection with 10,000 TCID50 of HIV BaL in 100 mL of PBS by intraperitoneal injection. Blood samples were obtained by saphenous bleeds at the indicated time points. Plasma was analyzed for HIV RNA copy numbers by qRT-PCR at Department of Microbiology, Mount Sinai Hospital (Toronto, ON, Canada). Cells isolated from the blood, thymus, spleen, and bone marrow were analyzed by flow cytometry. All animal procedures were approved by the Sunnybrook Health Science Centre and University of Toronto Animal Care Committees.
Flow Cytometry
Cells were stained with standard antibody panels (BD Bioscience, Mississauga, ON, Canada, and eBioscience, San Diego, CA, USA) as previously described. 46 The following fluorophore-conjugated antibodies were used in this study: anti-CD19-phycoerythrin (PE), anti-CD8-PE, anti-CD34-allophycocyanin (APC), anti-CD34-APC, anti-mouse CD45-APC, anti-CD4-APC, anti-CD33-Alexa Fluor 700 (AF700), anti-CD4-AF700, anti-CD45-APC/Cy7, and anti-CD3-PE/Cy7. Stained cells were analyzed with a FACSCalibur or an LSR-II cytometer (BD Biosciences). Some data were acquired with an Epics XL MCL (Beckman Coulter, Brea, CA, USA). Data analyses were performed using FlowJo (Tree Star, Ashland, OR, USA).
Statistics
The data are presented as mean ± SEM unless otherwise indicated. To determine statistical significance, we used a two-tailed unpaired t test. A two-way repeated measures ANOVA, a paired t test, and Mann-Whitney U test were performed where indicated. Results with a p value <0.05 were considered statistically significant and marked with an asterisk.
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